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Interaction cross sections for 42–51Ca on a carbon target at 280 MeV/nucleon have been measured
for the first time. The neutron number dependence of derived root-mean-square matter radii shows
a significant increase beyond the neutron magic number N = 28. Furthermore, this enhancement
of matter radii is much larger than that of the previously measured charge radii, indicating a novel
growth in neutron skin thickness. A simple examination based on the Fermi-type distribution, and
the Mean-Field calculations point out that this anomalous enhancement of the nuclear size beyond
N = 28 results from an enlargement of the core by a sudden increase in the surface diffuseness of
the neutron density distribution, which implies the swelling of the bare 48Ca core in Ca isotopes
beyond N = 28.
PACS numbers: 25.60.Dz
Systematic studies of nuclear radii along the isotopic
chain have so far elucidated changes in the nuclear struc-
ture such as the emergence of a halo as well as the de-
velopment of neutron skin and nuclear deformation [1–
5]. Nuclear charge radii, which represent charge spreads
in these nuclei, also give complemental information on
the size of the nucleus. It has been revealed that the
trend of charge radii along the isotopic chain shows a
sudden increase, which is often called a “kink,” just after
the magic number [6]. In particular, the neutron magic
number N = 28 has received considerable attention. Re-
cently, unexpectedly large charge radii were observed in
neutron-rich Ca isotopes beyond N = 28 [7]. This sud-
den growth in charge radii from 48Ca (N = 28) to 52Ca
represents a challenging problem; it has not been quan-
titatively explained by any theoretical calculations other
than the Hartree–Fock–Bogolyubov calculation with the
Fayans energy density functional [8]. This anomalous
phenomenon observed in Ca isotopes is stimulating fur-
ther studies of nuclear charge radii in a wide mass re-
gion [8–12].
In contrast, information on the evolution of the size of
the neutron density distribution has not been obtained
across N = 28. For example, nucleon density distribu-
tions ρm(r) or point-neutron density distributions ρn(r)
for Ca isotopes have been deduced only for stable nuclei,
40,42,44,48Ca, through the hadron elastic scattering [13–
23].
The experimental data for root-mean-square (RMS)
radii of ρm(r) or ρn(r) for Ca isotopes beyond N = 28
2are helpful to understand this anomalous phenomenon.
Therefore, we have performed measurements of interac-
tion cross sections for Ca isotopes across N = 28. Inter-
action cross section σI or reaction cross section σR is an
observable sensitive to the RMS radius of nucleon density
distribution 〈r2〉
1/2
m (hereinafter referred to as the “mat-
ter radius”). The σI measurements have played a crucial
role in the discovery of halo and skin structures [1–3].
Recent σI measurements also revealed the strong defor-
mation of neutron-rich Ne and Mg isotopes and the ex-
istence of deformed-halo nuclei [4, 5].
In this letter, we report the first σI measurements for
42–51Ca across the neutron magic number N = 28, per-
formed at the RIKEN Radioactive Isotope Beam Factory
(RIBF). The matter radii were derived from the σI data
by using the Glauber model calculation. Moreover, by
combining these with existing charge radii, the neutron
skin thicknesses ∆rnp were derived. A dramatic enhance-
ment of matter radii beyond N = 28 was observed; it is
similar to the growth in the charge radii of Ca isotopes
but is much greater in magnitude.
The experiment was conducted at the RIBF, operated
by the RIKEN Nishina Center, RIKEN, and the Center
for Nuclear Study, University of Tokyo. Secondary beams
of 42–51Ca were produced with a 345 MeV/nucleon 238U
primary beam bombarding a rotating beryllium produc-
tion target installed at the F0 focal plane of the BigRIPS
superconducting fragment separator [24]. The secondary
beams produced were roughly purified at the first stage of
the BigRIPS separator, which corresponds to the beam
line between the F0 and F3 focal planes.
After purification of the secondary beams at the first
stage of the BigRIPS separator, σI was measured by the
transmission method [25] between the F3 and F7 focal
planes. In the transmission method, σI is derived through
the equation, σI = −(1/Nt) ln(Γ/Γ0), where Nt is the
number of target nuclei per unit area, and Γ and Γ0 are
the non-reaction rates with and without the reaction tar-
get, respectively. For the achromatic focus on the F7
focal plane, a wedge-shaped natural carbon target (the
wedge angle is 9.61 mrad) was set at the F5 momentum-
dispersive focal plane as a reaction target. The target
thickness is 1.803(3) g/cm2 at the central point. In the
σI measurement with such a wedge-shaped target, σI can
be obtained from their values at each position, σI(x), by
weighting with the distribution of incident particles on
the target Nin(x), where x is the momentum-dispersive
(horizontal) direction perpendicular to the beam axis.
The profile of target thickness t(x) was measured with
an accuracy of 0.15% or better. The mean energy in the
reaction target, Eave, at the weighted mean position of
Nin(x) is 280 MeV/nucleon.
The non-reaction rates were derived by counting the
incoming particles before the reaction target and the non-
reacting particles after the reaction target. For this pur-
pose, incoming and outgoing particles were identified in
2.30 2.35 2.40 2.45 2.50 2.55
17
18
19
20
21
22
23
1
10
2
10
2.30 2.35 2.40 2.45 2.50 2.55
17
18
19
20
21
22
23
1
10
2
10
Mass to atomic number ratio A/Z
A
to
m
ic
 n
u
m
b
e
r 
Z
Mass to atomic number ratio A/Z
A
to
m
ic
 n
u
m
b
e
r 
Z
48Ca (a) (b)48Ca
FIG. 1. Particle-identification plots of (a) a cocktail beam
including 48Ca before the reaction target and (b) outgoing
particles after the reaction target with the selection of incom-
ing 48Ca. The appropriate constraint in the beam emittance
is adopted in both plots.
TABLE I. Measured interaction cross sections σI for
42–51Ca
on a C target at 280 MeV/nucleon.
σI σI
Nuclide (mb) Nuclide (mb)
42Ca 1463(14) 47Ca 1509(17)
43Ca 1476(12) 48Ca 1498(18)
44Ca 1503(13) 49Ca 1561(12)
45Ca 1481(9) 50Ca 1615(15)
46Ca 1505(11) 51Ca 1650(42)
an event-by-event mode between the F3 and F5 focal
planes, and between the F5 and F7 focal planes, respec-
tively, by combining the magnetic rigidity (Bρ), time-of-
flight (TOF), and energy loss (∆E) in the same manner
as explained in Refs. [4, 5]. These quantities were mea-
sured by three kinds of detectors: plastic scintillation
counters (PL) at F3, F5, and F7; parallel plate avalanche
counters (PPAC) at F3; and multisampling ionization
chambers (MUSIC) at F3, F5, and F7.
As an example, Fig. 1(a) shows a particle-identification
(PID) plot for the beam before the reaction target in the
case of 48Ca. With the 1–10 pnA primary beam, the
typical total beam intensity of the cocktail beams on the
reaction target was 3 × 103 pps, which corresponds to
1.8×102, 4.5×102, 2.8×102, and 3.0×101 pps for 48–51Ca.
The typical PID resolution is 6.2σ so that the objective
nuclides are well separated from neighboring nuclides.
From this PID plot, the number of incident 48Ca par-
ticles was counted. The number of non-reacting particles
after the reaction target was counted in Fig. 1(b), which
is the PID plot for the beam after the reaction target
with the selection of incoming 48Ca. The position, angle,
and momentum information obtained from upstream de-
tectors were constrained to assure the full transmission
for non-reacting particles after the reaction target. This
constraint was optimized for each objective nuclide.
The present σI for
42–51Ca on 12C at 280 MeV/nucleon
3are summarized in Table I. The statistical error is typi-
cally less than ∼1.0%, whereas the total systematic error,
caused mainly by the validity of the adopted event selec-
tion, is at most 0.4%.
To discuss the present results along with existing RMS
charge radii 〈r2〉
1/2
ch [7], 〈r
2〉
1/2
m were deduced using the
Glauber model calculation (called the MOL[FM] calcu-
lation in Ref. [26]). As σI is almost the same as σR
above ∼ 100 MeV/nucleon, the Glauber model calcu-
lation can be adopted to derive 〈r2〉
1/2
m from σI [25].
The MOL[FM] calculation can reproduce the experimen-
tal σR for
12C on 9Be, 12C, and 27Al targets, whose
ρm(r) are well known, with deviations much less than
1% at 200–300 MeV/nucleon [26]. Other Glauber mod-
els [27, 28] give almost the same cross section values in
this energy region. The ρm(r) introduced in Ref. [26] was
used as the nucleon-density profile of the target nucleus,
12C, which provides a good reproduction of the energy
dependence of σR for
12C on 12C [26].
For the projectile nuclei, ρm(r) was assumed to be the
two-parameter Fermi-type (2pF) function:
ρm(r) =
ρ0
1 + exp [(r − Cm) /am]
, (1)
where ρ0 is the density constant, Cm is the half-density
radius, and am is the diffuseness. Although this function
has three parameters, the known quantities are the mea-
sured σI and the mass number A =
∫
ρm(r)d
3r. There-
fore, an additional restriction is required. Based on the
characteristics of nuclear matter, the saturation density
is almost constant in any nuclide. From this point of
view, the central density ρm(0) = ρ0/[1+exp(−Cm/am)]
is constrained to 0.176 fm−3. Based on the above model
function, 〈r2〉
1/2
m was obtained so as to reproduce the
measured σI. The value of ρm(0) was determined as
the weighted mean of available data for experimental
ρm(0) of
40,42,44,48Ca measured through the elastic scat-
tering with hadronic probes [13–16, 18–20]. The corre-
sponding standard deviation around the weighted mean
value, ∆ρm(0), results in a systematic error of 0.020 fm
in 〈r2〉
1/2
m . As this systematic error is smaller than the
typical statistical errors of the present results, it does
not affect the following discussion. Even if we fix Cm or
am to a typical value (for instance, Cm = 1.2A
1/3 fm or
am = 0.5 fm) as another additional restriction instead of
the constraint on ρm(0), the obtained 〈r
2〉
1/2
m agrees well
with the value obtained from ρm(0) = 0.176 fm
−3 within
the error bars. Therefore, the adopted assumption like-
wise does not influence the following discussion.
For simplicity in the following discussion, the exist-
ing charge radii [7] were converted to the RMS radii
of the point-proton density distribution 〈r2〉
1/2
p . This
procedure was performed using 〈r2〉p = 〈r
2〉ch − R
2
p −
(N/Z)R2n− 3~
2/(4m2pc
2), where Rp and Rn are the RMS
charge radii of the proton and neutron, respectively
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FIG. 2. Neutron number dependence of the root-mean-square
radii of nucleon density distributions 〈r2〉
1/2
m and those of
point-proton density distributions 〈r2〉
1/2
p [7] for Ca isotopes.
The present results are represented by closed circles, whereas
the existing experimental results of 〈r2〉
1/2
m deduced from pro-
ton elastic scattering (p,p) [17, 23] are plotted as open trian-
gles [17] and open squares [23], respectively. The experimen-
tal results of 〈r2〉
1/2
p measured using the isotope-shift (IS)
method [7] are represented by crosses. The examinations
by the single-particle model (SPM) and the two-parameter
Fermi-type (2pF) function are also indicated by the open di-
amond connected by the solid line and the dashed line with
the green band, respectively.
[Rp = 0.8751(61) fm [29], R
2
n = −0.1149(24) fm
2 [30]],
and 3~2/(4m2pc
2) represents the Darwin–Foldy correction
term [31].
The derived 〈r2〉
1/2
m values are plotted as filled circles
in Fig. 2. The present results for 42,44,48Ca are consis-
tent with the existing results obtained through the proton
elastic scattering, represented by open triangles [17] and
open squares [23]. Figure 2 also shows existing 〈r2〉
1/2
p
of 39–52Ca [7], represented by crosses. Comparing 〈r2〉
1/2
m
with 〈r2〉
1/2
p , common features of a sudden increase be-
yond N = 28 as well as of a staggering around N = 24
are seen. Note that the mass excesses of Ca isotopes also
show similar features [32]. In contrast, the significant
difference between 〈r2〉
1/2
m and 〈r2〉
1/2
p is much larger en-
hancement beyond N = 28 in 〈r2〉
1/2
m ; for example, the
difference between the values of 〈r2〉
1/2
p for 48Ca and 50Ca
is 0.044(4) fm, whereas the difference between the values
of 〈r2〉
1/2
m is 0.17(4) fm.
4First, to understand the mechanism of this enhance-
ment, the effect of the halo-like structure was examined.
A halo nucleus, such as 11Li, whose matter radius is
greatly enhanced [1], usually has an s- or p-wave loosely
bound valence nucleon. In the Ca isotopic chain be-
yond N = 28, the valence neutron configuration changes
from the 1f7/2 to the 2p3/2 orbital, which is supported
by the experimental results of magnetic moments [33].
Therefore, the wave function of the valence neutron may
spread spatially. For example, considering the case of
49Ca, 〈r2〉
1/2
m was calculated based on a single-particle
model (SPM) [34] with the combination of a bare dou-
bly magic 48Ca core and a 2p3/2 valence neutron. The
wave function of the valence neutron was calculated us-
ing the Woods–Saxon potential. The potential depth was
tuned to reproduce the experimental one-neutron sepa-
ration energy Sn in the same manner as explained in
Ref. [34].
The calculated 〈r2〉
1/2
m of 49Ca is represented in Fig. 2
by the open diamond connected by the solid line. This
calculation does not explain the remarkable increase from
48Ca to 49Ca. This is because Sn values of
49–51Ca are
not so small (Sn = 4.8–6.4 MeV) [32]. That is, their
valence neutrons are strongly bound compared with the
typical halo nucleus (Sn < 1 MeV). To reproduce the
experimental enhancement within this SPM, the valence
neutron should have an RMS radius of 6.7(9) fm, which is
comparable to that of two-valence neutrons in 11Li [35].
Such an incredible spread can be achieved with an unre-
alistic value of Sn ∼ 0.0 MeV. Hence, this enhancement
cannot be attributed to solely the effect of the excess neu-
trons outside the bare 48Ca. To explain the experimen-
tal result of 49Ca, based on this SPM with the valence-
neutron wave function to reproduce the experimental Sn,
a significant core enlargement of 0.08(4) fm is needed.
Another possible reason for the enhancement of 〈r2〉
1/2
m
could be deformation of the nuclei [4, 5]. However, ac-
cording to the experimental electric quadrupole moments
of 49,51Ca [33], their quadrupole deformations are nearly
0 owing to the proton magicity of Z = 20.
We also studied the origin of the enhancement of
〈r2〉
1/2
m beyond N = 28 by using a simple 2pF function
of Eq. (1). Here, we assume that the excess neutrons
contribute to form a neutron skin entirely outside the
bare 48Ca by regarding Cm as the only variable against
A. Based on the characteristics of density distributions
of the stable nuclei, ρm(0) and am are almost constant in
any nuclide. From this point of view, 〈r2〉
1/2
m of the 2pF
function for 49–51Ca were calculated under the assump-
tions of ρm(0) = 0.176 fm
−3 and am = 0.49 fm. The value
of ρm(0) is the same as already mentioned, whereas that
of am was determined to reproduce the present 〈r
2〉
1/2
m of
48Ca. Under these conditions, Cm was determined from
the mass number, A =
∫
ρm(r)d
3r, for the respective
nuclides.
The results calculated using this model are represented
by the dashed line and the green band in Fig. 2. Likewise
this examination also cannot reproduce the N depen-
dence of experimental 〈r2〉
1/2
m beyond N = 28. Although
this picture seems to result in the maximum increase in
〈r2〉
1/2
m while retaining the bare 48Ca, the increase in the
experimental values surprisingly exceeds that given by
this picture. Note that the experimental enhancement of
〈r2〉
1/2
m from 48Ca to 49Ca corresponds to the five-neutron
excess outside 48Ca under this model.
Examinations with both the SPM and the 2pF function
indicate that excess neutrons stimulate the bare 48Ca to
swell in Ca isotopes beyond N = 28. In other words,
the doubly magic core, 48Ca, seems not to be retained
in their nuclides. Considering the examination using the
2pF function, there are two extreme possibilities to ex-
plain the trend of the aforementioned experimental re-
sults: the decrease in ρm(0) or the increase in am along
the isotopic chain beyond N = 28. For example, in order
to reproduce the experimental enhancement of 〈r2〉
1/2
m
from 48Ca to 51Ca, ρm(0) must change from 0.176 fm
−3
to 0.149 fm−3, while am must change from 0.49 fm to
0.60 fm.
The neutron skin thickness ∆rnp is a sensitive observ-
able for further study to shed light on the difference be-
tween protons and neutrons. The present results and
existing 〈r2〉
1/2
p data enable us to derive ∆rnp of
42–51Ca
from the following equation:
∆rnp =
√
A〈r2〉m − Z〈r
2〉p
N
− 〈r2〉1/2p , (2)
where the first term on the right-hand side represents
the RMS radius of the point-neutron density distribu-
tion 〈r2〉
1/2
n . The derived ∆rnp values are shown in
Fig. 3. The present ∆rnp result for
48Ca is in good agree-
ment with the existing experimental values deduced not
only from the measurement of electric dipole polarizabil-
ity αD [36] (shaded rectangle) but also from the proton
elastic scattering [23] (open squares). Furthermore, it
is revealed that ∆rnp of Ca isotopes exhibits the same
striking increase beyond N = 28 as that for 〈r2〉
1/2
m , in-
dicating that the enhancement of 〈r2〉
1/2
n beyond N = 28
is much stronger than that of 〈r2〉
1/2
p [7]. Accordingly,
the enhancement of 〈r2〉
1/2
p beyond the magic number
seems to simply reflect the effect of the novel growth in
neutron skin via an attractive force between protons and
neutrons [37].
Note that the Mean-Field (MF) calculations also pre-
dict a sizable kink at the magic numbers, including
N = 28 of Ca isotopes, in the trend of ∆rnp as well
as 〈r2〉
1/2
n and 〈r2〉
1/2
p [38–40]. According to these cal-
culations, such a kink structure results from the sudden
increase in the surface diffuseness in ρn(r); this supports
one of the possibilities suggested in the abovementioned
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FIG. 3. Neutron number dependence of neutron skin thick-
ness ∆rnp for Ca isotopes. The present results are repre-
sented by filled circles, and the existing experimental results
deduced from electric dipole polarizability αD [36] and those
from proton elastic scattering (p,p) [23] are represented by
the rectangle and by open squares, respectively. The dashed
and dashed-and-dotted lines are the results of the chi-square
fitting to the data below and above N = 28.
discussion on the present 〈r2〉
1/2
m using the 2pF function.
Therefore, the doubly magic core, 48Ca, in Ca isotopes
beyond N = 28 swells with the increase in the surface
diffuseness in ρn(r). The present results experimentally
indicate that the change in ρn(r) plays the main role in
the enhancement of the nuclear size including charge radii
beyond the magic numbers.
This phenomenon of the enhancement of the nuclear
size is newly recognized as a mechanism apart from the
halo and nuclear deformation mechanisms. We point out
that a signature similar to the one found in the present
results may also exist in the 〈r2〉
1/2
m change of isotopic
chains around oxygen at N = 14 [41, 42], whose mech-
anism is still controversial. A similar suggestion is also
proposed by the theory [43]. On the other hand, the sud-
den increase in charge radii is not observed at N = 2, 8,
or 20, which are magic numbers independent of the spin-
orbit force. Therefore, such a novel growth in the nuclear
size seems to be a universal phenomenon in the magic or
semi-magic numbers where a j> = l+ 1/2 orbital is just
closed.
In summary, we performed σI measurements for
42–51Ca on a natural carbon target at 280 MeV/nucleon.
From these data, 〈r2〉
1/2
m values were derived using the
Glauber model calculation. Although the derived values
show a neutron number dependence similar to that in
〈r2〉
1/2
p , the enhancement of 〈r2〉
1/2
m beyond N = 28 is
much stronger. Furthermore, we obtained ∆rnp by com-
bining the present data with the existing 〈r2〉
1/2
p values.
The values deduced for ∆rnp also increase dramatically
beyond N = 28. This is because the enhancement of
〈r2〉
1/2
n beyond N = 28 is radically greater than that of
〈r2〉
1/2
p . From the point of view of not only the examina-
tion using the 2pF function but also the MF calculations,
the kink in the trend of nuclear size at the magic num-
ber is thought to result from the sudden increase in the
surface diffuseness of ρn(r).
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